Ins(1,4,5)P3 metabolism was examined in Saccharomyces cerevisiae extracts. S. cerevisiae contains readily detectable Ins(1,4,5)P3 kinase activity that is predominantly soluble, but phosphomonoesterase activity acting on Ins(1,4,5)P3 was not detected in either soluble or particulate preparations from this organism. We have purified the kinase activity -685-fold in a rapid four-step process, and obtained a stable preparation. The enzyme has .an apparent native molecular mass of -40 kDa, and displays Michaelis-Menten kinetics with respect to its two substrates, ATP and Ins(1,4,5)P3. The Km for ATP was 2.1 mM,
INTRODUrTION
Inositol phospholipids, especially Ptdlns(4,5)P2, have critical roles in cellular control because they are substrates for receptorregulated enzymes, such as phospholipases C and phosphatidylinositol 3-kinase, which generate established or putative intracellular signals (Nishizuka, 1984; Berridge and Irvine, 1989; Cantley et al., 1991; Downes and Carter, 1991; Stephens et al., 1993) . However, relatively little progress has been made towards elucidating the functions of inositol-phospholipid-derived second messengers in complex cellular events such as the control of cell division. Such an objective may be facilitated by studying aspects of these signal-transduction pathways in genetically tractable organisms such as the budding yeast, Saccharomyces cerevisiae. For example, it is well established that adenylate cyclase in yeast is under environmental/nutritional control via the GTP-dependent protein products of the RAS I and RAS2 genes and that a high concentration of cyclic AMP is required for entry into the cell cycle (Camonis et al., 1986; Broek et al., 1987; Munder and Kuntzel, 1988; Jones et al., 1990) .
Several lines of evidence point to an important role for inositol phospholipids during execution of the cell cycle in S. cerevisiae. The well-known inositol phospholipids, Ptdlns, PtdIns4P and Ptdlns(4,5)P2 are present in yeast and appear to be essential for nutrient regulation of the cell cycle (Lester and Steiner, 1968; Talwalkar and Lester, 1973; Angus and Lester, 1975; McKenzie and Carman, 1983; Hawkins et al., 1993) . Recently, S. cerevisiae has been shown to be a relatively abundant source of PtdIns3P, one of the products of Ptdlns 3-kinase (Auger et al., 1989; Hawkins et al., 1993) . Moreover, PtdIns(4,5)P2-specific monoclonal antibodies, loaded intracellularly by electroporation, inhibited yeast cell proliferation (Uno et al., 1988) .
Inositol phospholipids undergo enhanced metabolism when glucose-starved stationary-phase yeast cells are stimulated to reenter the cell cycle by the addition of glucose (Steiner and Lester, and that for Ins(1,4,5)P3 was 7.1 ,uM. The enzyme appeared to be the first step in the conversion of Ins(1,4,5)P3 into an InsP5, and the partially purified preparation contained another activity that converted the InsP4 product into an InsP5. The InsP4 product of the partially purified kinase was not metabolized by human erythrocyte ghosts and co-chromatographed with an Ins(3,4,5,6)P4 4, 5, 6 )P4] standard, identifying it as D- Ins(1,4,5,6)P4. The yeast enzyme is thus an Ins(1,4,5)P3 6-kinase. This activity may be an important step in the production of inositol polyphosphates such as InsP5 and InsP6 in S. cerevisiae. 1972; Hawkins et al., 1993) . However, this response is accompanied by the extracellular release of substantial quantities of deacylated inositol phospholipids and appears to result from the activation of one or more phospholipases A2 and the presence of constitutively active lysophospholipase activity. An earlier report that InsP3 accumulates in glucose-stimulated yeast (Kaibuchi et al., 1986) used chromatographic techniques that would not distinguish between an InsP3 and deacylated Ptdlns(4,5)P2. More recently, Ins(1,4,5)P3 was shown to accumulate in nutrient-deprived S. cerevisiae in response to addition of an N source, but not in response to a C source such as glucose (Schomerus and Kuntzel, 1992 The dialysed protein sample from the above procedure (150 ml) was applied to a TSK-DEAE column (150 ml bed volume) which was eluted at a flow rate of 3 ml/min with 150 ml of buffer A, followed by a gradient of 0-1 M NaCl (600 ml) in buffer A; 6 ml fractions were collected and assayed for Ins(1,4,5)P3 kinase activity as described below. Fractions containing kinase activity were pooled and dialysed overnight against three successive changes each of 10 vol. of 10 mM KH2PO4/1 mM dithiothreitol, pH 7.4 (buffer B).
A 30 ml portion of the dialysed protein sample was applied to a column containing 25 ml of hydroxyapatite (Bio-Gel HTP) that had been equilibrated with buffer B. The column was washed with 50 ml of buffer B and eluted with a linear gradient (240 ml) of 0-1 M potassium phosphate in buffer B at a flow rate of 2.6 ml/min; 4 ml fractions were collected and assayed for Ins(1,4,5)P3 kinase activity. The active fractions were pooled and dialysed overnight against three changes each of 10 vol. of buffer A.
The dialysed protein after hydroxyapatite chromatography was applied to a TSK-DEAE h.p.l.c. column which was then washed with several column volumes of buffer A. The column was eluted with a gradient composed of buffer A and buffer A plus 1 M NaCl according to the following protocol: 0 min, 0 M NaCl; 60 min, 0.4 M NaCl; 61 min, 1 M NaCl; 70 min, 1 M NaCl; 71 min, 0 M NaCl. The flow rate was 0.5 ml/min, and 1 min fractions were collected. Fractions containing Ins(1,4,5)P3 kinase were pooled, dialysed extensively against buffer A and stored at 4°C after addition of NaN3 to 1 mM.
Determination of native molecular mass A 0.1 ml portion of the h.p.l.c. DEAE-purified kinase was applied to a TSK 3000,X h.p.l.c. gel-filtration column that had been equilibrated with buffer A containing 0.2 M NaCl at 20 'C. The column was eluted with this buffer at a flow rate of 0.2 ml/min, and 1 min fractions were collected. The gel-filtration column was calibrated with the following molecular-mass markers: thyroglobulin, 669 kDa; apoferritin, 443 kDa; ,-amylase, 200 kDa; alcohol dehydrogenase, 150 kDa; BSA, 66 kDa; carbonic anhydrase, 29 kDa. Samples (0.025 ml) ofeach fraction were assayed for Ins(1,4,5)P3 kinase activity.
Protein assays Protein was determined by the method of Bradford (1976) with BSA as standard.
Assay of Ins(1,4,5)P3 kinase activity Ins(1,4,5)P3 kinase was generally assayed under first-order conditions. Assays contained, in 0.1 ml, 5000-50000 d.p.m. of D-[3H]Ins(1,4,5)P3, 10 mM ATP, 30 mM NaCl, 70 mM KCl, 20 mM Hepes, pH 7.0, and either partially purified enzyme or crude fractions of yeast homogenates. Incubation times varied, but in kinetic analyses this was constrained to ensure that no greater than 20 % of substrate was consumed. Assays were terminated by addition of 0.1 ml of ice-cold HCIO4 (6 %, w/v). After 15 min on ice, 0.2 ml of a freshly prepared 1:1 (v/v) mixture of Freon/tri-n-octylamine was added, the samples were vortex-mixed thoroughly and then centrifuged to separate the phases. A 0.15 ml sample of the upper phase was analysed for radiolabelled inositol phosphates. Since all preparations used in these studies contained both Ins(1,4,5)P3 kinase and InsP4 kinase activities (see the Results section), the former was calculated as' the accumulation of both InsP4 and InsP5 products.
Separation of inositol phosphates
Inositol phosphates were fractionated by anion-exchange chromatography on 0.5 ml columns of Bio-Rad AG1X8 (200-400 mesh; formate form) as described previously . Fractions (10 ml) containing radiolabelled inositol phosphates were mixed with an equal volume of Triton/xylenebased scintillant and counted for radioactivity by scintillation counting. For analysis by anion-exchange h.p.l.c., inositol phosphates were applied to a Partisphere SAX column which was eluted with a gradient made from buffers A (water) and B 11.25 M (NH4)2HPO4 (adjusted to pH 3.8 with H3PO4 at 25°C] at a flow rate of 1 ml/min under the following conditions: 0 min, 0% B; 1Omin, 0% B; 60min, 20% B; 120min, 100% B; 125 min, 100 % B; 130 min, 0 % B (gradient 1). An alternative (gradient 2) used in some experiments, was composed of buffers A (water) and B [1.5 M (NH4)2HP04 adjusted to pH 4.4 as above] at a flow rate of 1 ml/min under the following conditions: Omin,0% B; 10min,0% B; 15min, 10% B; 60min, 50% B; 65min, 100% B; 80min, 100% B; 81min, 0% B. Fractions (0.5 ml) were collected and counted for radioactivity by liquidscintillation counting in either Optiphase Hi-safe 3 (Pharmacia) or Flowscint 4 (Packard).
Preparatlon of u2P-labelled Inositol phosphate standards A mixture of InsP4s containing 32P-labelled Ins(1,3,4,5)P4, Ins(1,3,4,6)P4 and Ins(3,4,5,6)P4 4, 5, 6 )PJ, and also
[32P]InsP5, were prepared from turkey erythrocytes that had been labelled overnight with [32P]Pi (Stephens et al., 1988) .
Structural analysis of Inositol phosphates
Inositol phosphate products of enzyme reactions which had been purified by anion-exchange chromatography were first desalted. The samples were neutralized with triethylamine, diluted 10-fold with water, and applied to a column containing 0.2 ml of BioRad AG1X8 (200-400 mesh; formate form). Pi (present in h.p.l.c. eluates) was eluted with 10 ml of 0.2 M ammonium formate/0.1 M formic acid. Inositol polyphosphates were then eluted by 2 x 2 ml of 2 M ammonium formate/0.1 M formic acid and desalted under vacuum as described by Carter and Downes (1993) . Inositol phosphates were then characterized by anionexchange h.p.l.c. at pH 4.4 (as described above). Inositol phosphates were also subjected to enzymic dephosphorylation by using human erythrocyte ghosts, which contain a wellcharacterized Ins(1,4,5)P3/Ins(1,3,4,5)P4 5-phosphomonoesterase activity. Haemoglobin-free human erythrocytes ghosts were prepared as described by Hawkins et al. (1984) , and stored in 30% glycerol/0.1 % mercaptoethanol at -70°C until required. Dephosphorylation reactions contained 0.08 ml of packed erythrocyte ghosts (approx. 0.4 mg of protein), and the radiolabelled inositol phosphate of interest in 0.2 ml of 15 mM Hepes/2 mM MgCl2/1 mM EGTA, pH 7.0. Incubations were at 37°C for the times indicated in the Figure legends. Reactions were processed for anion-exchange chromatographic procedures as described above.
Isolation of S. cerevisiae calmodulin
The E. coli plasmid pJG28, which expresses the CMD1 gene under the control of the trc promoter (gift from J. R. Geiser; see Geiser et al., 1991) 
Isolation of calmodulin-binding proteins
Yeast calmodulin-binding proteins were prepared as described by Miyakawa et al. (1989) , except that cells were homogenized in a Bead Beater (Biospec Products) as described by Stirling et al. (1992) . Proteins retained on a DEAE column (150 ml bed volume) which were eluted in 0.22 M NaCl were collected, the CaCl2 concentration was adjusted to 1 mM and the sample was applied to a bovine brain calmodulin affinity column (5 ml, containing 1 mg/ml calmodulin). The column was washed exhaustively with buffer A (20 mM Hepes/KOH, pH 7.0, 10 mM ,-mercaptoethanol) containing 0.1 mM CaCl2, followed by buffer A plus 0.1 ml CaCl2 and 0.2 M NaCl. Calmodulin-binding proteins were then eluted with buffer A containing 0.2 M NaCl plus 1 mM EGTA.
Western blotting
Analytical SDS/PAGE in 12% acrylamide slab gels was performed as described previously (Laemmli, 1970 (1, h.p.l.c. anion-exchange procedure ( Figure 2 and Table 1 ). The purification was reproduced on five separate occasions up to and including the hydroxyapatite step and twice through all the steps indicated in Table 1 . Notable features of the purification are, first, the stability of the Ins(1,4,5)P3 kinase activity. We obtained approx. 35% recovery of total kinase activity, with most of the losses occurring during chromatography through hydroxyapatite. However, significant instability ofthe activity was noted in pilot experiments before optimization of the homogenization and (NH4)2SO4 precipitation procedures. The final preparation, however, was stable for several months under the storage conditions described.
In addition, the preparation could be stored for long periods, with little loss of activity, as a precipitate in 60 %-satd. (NH4)2SO4. It is therefore possible to accumulate the activity of several fermenter loads of yeast before undertaking large-scale purification. Second, the anion-exchange h.p.l.c. step gave a large improvement in specific activity of the preparation, even though a large-scale DEAE column was used earlier in the procedure. In order to achieve this, a very shallow salt gradient was used to elute the Ins(1,4,5)P3 kinase activity.
Another important feature of the Ins(1,4,5)P3 kinase preparation was the continued presence, throughout the purification, of a kinase that could phosphorylate the initially formed InsP4 product to an InsP.5. This is illustrated in Figure 3 which was eluted at pH 4.4 as described in the Materials and methods section. Fractions (0.5 ml) were collected and counted for radioactivity by scintillation counting by using a duallabel 3H/32P d.p.m. programme: Ol, 3H; *, 32P. The small peak appearing in the 3H window which coincides with the peak of [32P]lns(1,3,4,5)P4 is due to spill-over and not to the presence of significant levels of 3H in these fractions.
The unknown InsP4 was subjected to anion-exchange h.p.l.c. Properties of Ins(1,4,5)P3 6-kinase As noted above, the cytosolic Ins(1,4,5)P3 kinase activity is dependent on MgATP for activity, has a broad pH optimum around pH 7 and is relatively insensitive to physiologically relevant univalent cations. Kinetic constants were determined under assay conditions in which not more than 20 % of Ins(1,4,5)P3 substrate was consumed. The partially purified preparation (after the h.p.l.c. DEAE step) was essentially devoid of ATPase activity (results not shown), and consumption of ATP in these assays was negligible. Ins(1,4,5)P3 6-kinase displayed Michaelis-Menten kinetics with respect to both substrates. The results ofsix experiments using two separate enzyme preparations were analysed by using the Enzpack 3 program, and typical results are illustrated in Figure 5 . The kinase has a relatively low Km for Ins(l,4,5)P3 of 7.1 + 0.87 #uM, which is consistent with the likely low levels of this compound in living cells. By contrast, the Km for ATP was found to be 2.1 + 0.47 mM, suggesting that the enzyme might not be fully saturated with ATP under conditions that prevail in the cell. Alternatively, the enzyme's affinity for Ins(1,4,5)P, 3-kinase that is stimulated by Ca2+/calmodulin (Li et al., 1989; Takazawa et al., 1989; Shears, 1989 (Downes et al., 1982; Irvine et al., 1986; Shears, 1989) . The relative activities of these two pathways for Ins(1,4,5)P3 metabolism vary between cells and according to the stimulatory conditions. The kinase pathway is particularly important for several reasons. Firstly, it is a major feedback control point in the metabolism of the Ca2+-mobilizing second messenger, Ins(1,4,5)P3, because its activity is stimulated in the presence of Ca2+/calmodulin (Li et al., 1989; Takazawa et al., 1989) . Secondly, the initial product of this pathway, Ins(1,3,4,5)P4, has been proposed as an auxiliary intracellular signal which may function in concert with its metabolic precursor to regulate intracellular free [Ca2+] (Irvine, 1990 (Irvine, , 1991 . Thirdly, the kinase pathway provides an indirect link to complex metabolic loops which control the synthesis of inositol polyphosphates such as InsP5(s) and InsP6 (Shears et al., 1987; Balla et al., 1987; Stephens et al., 1988; Menniti et al., 1993 (Chattaway et al., 1992) and the apparent lack of Ins(1,4,5)P3 3-kinase in either of these organisms has potentially important implications for the evolution of inositol phosphate kinases and mechanisms of Ca2+ signalling.
The Ins(1,4,5)P3 kinase co-purified with an InsP4 kinase activity that phosphorylated the product of the former enzyme. The latter must therefore be an Ins(l, 4, 5, 6) 
